tissue might be necessary to overcome the patient's deficiency of obtaining a favourable oral hygiene.
It is also known that a thick gingival biotype is critical to prevent gingival recession not associated with plaque, such as orthodontic movement of teeth (Rasperini, Acunzo, Cannalire, & Farronato, 2015; Wennstrom, Lindhe, Sinclair, & Thilander, 1987; Zucchelli & Mounssif, 2015) . In such a case, recessions could be prevented by two means (Hwang & Wang, 2006) : firstly, a thicker soft tissue contains a higher volume of extracellular matrix and collagen networks allowing to withstand contraction and collapse; secondly, an increased gingival vascularity creates enhanced oxygen supply leading to an enhanced clearance of toxic products and growth factor migration.
Consequently, a thicker gingiva has a higher healing potential and resistance to recession.
Furthermore, the gingival biotype is one of the critical prognostic factors for root coverage procedures (Rasperini et al., 2015) . It has been reported that the extent of root coverage is improved as the gingival thickness increases (Hwang & Wang, 2006) . Traditional autogenous grafts demonstrated clinically predictable outcomes at tooth sites (Cairo, Nieri, & Pagliaro, 2014; Tatakis et al., 2015) .
However, involving an intraoral donor site may cause patients' discomfort due to multiple operating sites and relatively long operating times (Fickl et al., 2014; Zucchelli et al., 2010) .
In order to overcome disadvantages of autogenous tissue, various collagen matrices were evaluated in pre-clinical and clinical studies demonstrating a gain in soft tissue thickness/width and a reduced patient morbidity and operating time (Jepsen et al., 2013; Rocchietta, Schupbach, Ghezzi, Maschera, & Simion, 2012; Schmitt et al., 2016; Thoma, Sancho-Puchades, Ettlin, Hammerle, & Jung, 2012; Vignoletti et al., 2011) . However, previous data revealed that augmented soft tissue with collagen matrices showed a shrinkage of more than 50% over 3.5 years of observation (Rothamel et al., 2005; Schwarz, Rothamel, Herten, Sager, & Becker, 2006; Simion, Rocchietta, Fontana, & Dellavia, 2012) . In order to overcome the relatively high shrinkage rate, crosslinked collagen matrices (CCMs) were proposed. Various pre-clinical and clinical studies demonstrated the efficacy of xenogeneic CCMs (Cha et al., 2017; Thoma, Villar, Cochran, Hammerle, & Jung, 2012; Thoma et al., 2010 Thoma et al., , 2011 Zahedi, Bozon, & Brunel, 1998) . This was based on a reported slower degradation and an enhanced volume stability. Still, the number of studies using collagen matrices at tooth sites is limited.
The aim of this pre-clinical study was to evaluate histological and volumetric changes following grafting with two collagen-based matrices with different types of cross-linking at the labial aspect of teeth in canines.
| MATERIAL S AND ME THODS
The manuscript was written following the Animal Research:
Reporting In Vivo Experiments (ARRIVE) Guidelines Checklist (Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010) .
| Ethical statement
For the experiment, animal selection, management and experimental protocol were approved by the Animal Care and Use Committee, Yonsei Medical Center, Seoul, Republic of Korea (Permission no.
2013-0317-2).

| Experimental animals
Six healthy beagle dogs with the mean age of 12-15 months old and the mean body weight of 10-15 kg were used. The animals were raised individually under standard laboratory conditions and proper feeding, and they had sound periodontium with permanent dentition. Sample size was calculated by power calculation with the significance level (α) of 5% and power (1 − β) of 90%, according to the results from previous studies (Thoma et al., 2010 (Thoma et al., , 2011 . The animals were housed under constant room temperature (15-20°C) and humidity (>30%).
| Experimental materials
Two different types of xenograft CCMs were used:
• BCCM: bovine-derived CCM (Collagen Graft ® ; Genoss, Suwon, Republic of Korea), a double-layered matrix with chemically crosslinked type I collagen derived from bovine tendon.
• PCCM: porcine-derived CCM (a prototype of double-layered collagen-based material; SK Bioland, Cheongju, Republic of Korea), composed of type I collagen derived from porcine pericardium with dehydrothermal cross-linking.
Both materials were double-layered with a porous structure on one side and a compact structure on the other side.
Clinical Relevance
Scientific rationale for the study: The gingival thickness is considered to be a critical prognostic factor for gingival recession coverage. 
| Surgical intervention
For the surgery, the dogs were anesthetized with intramuscular injection of medetomidine (0.75 mg/kg; Tomidin ® ; Provet veterinary products Ltd, Istanbul, Turkey) and intravenous injection of alfaxalone (2 mg/kg; Jurox, Rutherford, NSW, Australia). In addition, inhalation anaesthesia with isofluran (Forane ® ; Choongwae Pharmaceutical, Seoul, Korea) and local infiltration anaesthesia was performed with lidocaine (2% lidocaine HCL with epinephrine 1:80,000; Kwangmyung Pharm., Seoul, Korea) on surgical site. Scaling and plaque control were conducted before surgery.
Crevicular incision was performed on the first incisor area of PCCM group and the third incisor area of BCCM group. Vertical incision was made on attached gingiva underneath marginal gingiva at mesiolabial side of the first incisor area and distolabial side of the third incisor area, forming a subperiosteal pouch to insert materials (Figure 1a, b) . Orban interdental knife was inserted carefully into the incision line and proceeded to gingival sulcus to form a gingival tunnel, allowing to advance the material coronally. Subsequently, the following four treatment modalities were applied in a randomized split-mouth design:
• BCCM group: bovine-derived CCM, applied on the labial gingiva of the third incisor area.
• PCCM group: porcine-derived CCM, applied on the labial gingiva of the first incisor area.
• B-control group: negative control site at contralateral side of BCCM group.
• P-control group: negative control site at contralateral side of PCCM group.
For that purpose, the materials were trimmed to 6 × 4 × 2 mm Pharmaceutical, Seoul, Korea). Suture materials were removed 10 days after the surgery. The animals were sacrificed 12 weeks after the operation by an overdose of 3% sodium pentobarbital, and lower jaws were dissected to obtain block specimens with intact soft tissues.
| Descriptive histology and histometric analyses
The resected specimens were trimmed and embedded in paraffin after decalcification, and the centre-most section was chosen for analyses. The slides were dyed with haematoxylin and eosin staining and Masson's trichrome staining. Light microscope (BX51; Olympus
Research Systems, Tokyo, Japan), equipped with a camera, was ○ Tts: mean thickness of total soft tissue (from the sulcular or junctional epithelium to the keratinized epithelium).
○ Tct: mean thickness of total connective tissue.
○ Tdct: mean thickness of dense connective tissue.
• Number of rete pegs within the region of interest (ROI; 3 mm in height × 1 mm in width).
○ Rete pegs underneath the keratinized epithelium.
○ Rete pegs underneath the sulcular epithelium and junctional epithelium.
| Dental impressions
Dental impressions at all five time points (pre-surgery, 10 days post-surgery [suture-removal], 4 weeks post-surgery, 8 weeks postsurgery and 12 weeks post-surgery) were obtained from the mandibles using polyvinylsiloxane impression materials (Aquasil Ultra LV ® and Aquasil Ultra XLV ® ; Dentsply DeTrey, Konstanz, Germany).
Individualized trays, pre-fabricated for study-purposes and made of a self-cured acrylic resin (Formatray ® Kerr Manufacturing; Romulus, MI, USA), were used for impression taking. Master casts were poured out of dental stone (GC Fujirock ® type 4; GC Corporation, Tokyo, Japan) and digitized using a dental scanner (Imetric 3D SA, Courgenay, Switzerland). 
| Volumetric analysis
The resulting STL-files were subsequently analyzed using a software (SMOP; Swissmeda, Zurich, Switzerland) allowing for superimposition with respect to static points (Figure 2b ). The calculation of volumetric changes at the sites was performed by an experienced examiner (T.W.) unaware of the treatment groups at the University of Zurich under GLP like conditions (Figure 2c ). The ROI was manually selected as follows: the apico-coronal dimension was determined 0.5 mm apically from the gingival margin and extended 1.5 mm in an apical direction (Figure 2d ). The mesio-distal dimension was defined with a clearance of 0.5 mm to the mesial and distal adjacent teeth.
The mean distance (MD, mm) within the selected area between the selected STL surface and the pre-surgical baseline STL was computed by the software, and following parameters were measured:
• Δ10D: MD between the time points of 10 days post-surgery and pre-surgery.
• Δ4W: MD between the time points of 4 weeks post-surgery and pre-surgery.
• Δ8W: MD between the time points of 8 weeks post-surgery and pre-surgery.
• Δ12W: MD between the time points of 12 weeks post-surgery and pre-surgery. 
| Experimental outcomes
The primary outcome variable was the change in histometric parameters after gingival augmentation. Descriptive histology and volume change over time were assessed as secondary outcomes.
| Statistical analysis
Statistical analysis was performed using a computer software (SPSS version 23; IBM, Armonk, NY, USA). Histometric measurements between BCCM group and B-control group and between PCCM and P-control group were assessed using a paired t test, and repeated-measured analysis of variance was used for analyzing mean volume differences compared to pre-surgical state over time. The unit for statistical analysis was the dog, and the level of significance was set p < 0.05.
| RE SULTS
| Clinical outcomes
Suture-removal of two dogs was postponed for a week due to a delayed healing. The further healing thereafter was uneventful. Other than that, all experimental animals stayed healthy until the sacrifice, without any specific systemic or local complications.
| Descriptive histology
Both BCCM group and PCCM group showed prominent changes in morphology of rete pegs compared to control groups. Rete pegs were of narrower and deeper shape in both BCCM and PCCM groups compared to the respective control groups. Moreover, rete pegs were mainly observed underneath the keratinized epithelium in control groups. In the two test groups, an increased number of rete pegs were also present underneath the sulcular and junctional epithelium.
In a few samples in group BCCM, remnants of the matrix were encapsulated by newly formed collagen fibres and embedded within dense connective tissue with an increased vascularization. None of the PCCM samples showed remnants of the matrix network. (Figure 3 ).
| Histometric analyses
The results of the histometric analysis are represented in Table 1 In both test groups, the number of rete pegs increased underneath the keratinized epithelium (BCCM: p < 0.05; PCCM: p < 0.05) and 
| Volumetric analysis
Means, standard deviations and statistical significances for the volumetric analysis are displayed in Table 2 . Both test groups showed an increased thickness between pre-surgery and all follow-up time points compared to the control groups. Mean increases up to 12 weeks post-surgery (Δ12W) were 0.14 ± 0.11 mm in BCCM group and 0.27 ± 0.13 mm in PCCM group. No statistical differences were calculated between groups at any time-point (p > 0.05). and PCCM group, demonstrated a decrease in thickness over time (12 weeks post-surgery, compared to suture-removal), with a shrinkage rate of 52.33% in the BCCM group and 30.57% in the PCCM group. These results are consistent with the ones reported in previous studies (Rothamel et al., 2005; Schmitt et al., 2016; Thoma et al., 2010 Thoma et al., , 2011 , and imply a change in the gingival biotype following grafting with CCMs.
| D ISCUSS I ON
A slower biodegradation of CCM contributes to the maintenance of augmented volume for a longer time. In contrast, it may inhibit tissue integration based on an increased inflammatory reaction, causing a delayed wound healing and more postoperative discomfort (Bornstein, Bosshardt, & Buser, 2007; Schwarz et al., 2008) .
Since the histological observation was based 12 weeks after the procedure, a late time-point after soft tissue grafting, both types of CCM used in this study demonstrated favourable biological integration without apparent clinical complications, including no inflammatory reaction. In the majority of the BCCM group slides, remnants of the CCM were present, whereas no remnants of the matrix in the PCCM group were found. This result is consistent with previous studies showing that CCM may not be fully resorbed after TA B L E 1 Descriptive statistics of mean horizontal thickness measurements (mean ± standard deviation; mm). 12 weeks (Rothamel et al., 2005; Thoma et al., 2011) . This conflicting result between BCCM group and PCCM group can be explained by a modified technique for cross-linking. Cross-linking of PCCM was achieved by dehydrothermal method, and BCCM was chemically cross-linked. Dehydrothermal cross-linking has shown better performance with less foreign body reaction than chemical crosslinking, which may induce a cytotoxic response (Haugh, Jaasma, & O'Brien, 2009; Rothamel et al., 2005 Rothamel et al., , 2014 . Using this concept, a faster tissue integration of PCCM might have induced a faster biodegradation compared to the BCCM group, resulting in no matrix remnants present after 12 weeks. However, in contrast to previous reports, BCCM did not show an increased rate of complications during healing, neither clinically nor histologically, despite a slower biodegradation.
The BCCM group showed significantly enhanced Tts and Tct values compared to the respective control group based on the histometric analysis. Since the CCM was applied above the mucogingival junction, where dense connective tissue is mainly located, Tdct increased significantly. Considering that the main purpose of soft tissue augmentation is enhancing the gingival thickness, BCCM was successful in increasing the soft tissue thickness, to a similar extent as the results from a previous study (Thoma et al., 2011) . Interestingly, the results of BCCM demonstrated that the enhanced gingival thickness was maintained after a soft tissue remodelling process, involving a maturation with formation of collagen fibres (Ramfjord, Engler, & Hiniker, 1966; Selvig, Bogle, & Claffey, 1988) . In the PCCM group, the gingival thickness increased without statistical significance compared to the respective control group.
The number of rete pegs increased significantly in the BCCM group and the PCCM group compared to each control group.
Previous studies have reported that narrower and deeper rete peg formation and an increased number might represent a mature healing condition and evidence that the matrix served as a scaffold to accelerate the healing process (Vignoletti et al., 2015) . Rete pegs, also called epithelial ridges, separate the connective tissue portions from the epithelium. In general, rete pegs are observed mainly underneath the keratinized epithelium, however, all of the histologic slides in the BCCM group and the PCCM group showed an increased number of rete pegs underneath the non-keratinized sulcular epithelium and the junctional epithelium. This finding is consistent with the results from previous studies (Cha et al., 2017; Vignoletti et al., 2015) . Changes in the number and morphology of rete pegs represent a stronger resistance to forces applied on the gingiva (Grossman & Forbes, 1990) . Morphological changes into a narrower and deeper shape and an increase in the number of rete pegs in both, the BCCM group and the PCCM group, led to an increase in surface area and a stronger anchorage between the epithelium and the connective tissue, thereby enhancing the mechanical properties to prevent gingival recession.
For the volumetric analysis, the casts were superimposed with an improved optical scanning method, as described earlier (Thoma et al., 2010) . Both, BCCM and PCCM, enhanced the soft tissue volume compared to the respective control groups, but also demonstrated a decreasing volume over time. This loss of volume was probably due to a gradual relief of the post-operative swelling and biodegradation of the materials involving tissue integration (Schmitt et al., 2016; Thoma et al., 2010; Thoma, Villar et al., 2012) . The BCCM group showed a relatively consistent volume change over time, whereas in the PCCM group, a larger variation of the volume changes was evident. Calculating the shrinkage in a linear dimension, the rates in this study were similar to the ones from a previous study (Rothamel et al., 2005) .
There were some limitations of this study. Firstly, to confirm the efficacy of the CCMs as an alternative to autogenous tissue, a positive control group (subepithelial connective tissue graft) could have been allocated. Due to limitations in terms of the number of available sites, no such control group was applied. Secondly, in order to allow for 3D measurements, impressions were taken and subsequently study casts scanned. One might consider using digital impression in the future to reduce possible inaccuracies based on these two steps (conventional impression, study cast). 
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